Background/Aims: CircRNAs regulate gene expression in different malignancies. However, the role of Cdr1as in the tumourigenesis of bladder cancer and its potential mechanisms remain unknown. Methods: qRT-PCR was used to detect Cdr1as and target miRNA expression in bladder cancer tissues and cell lines. Biological functional experiments were performed to detect the effects of Cdr1as on the biological behaviour of bladder cancer cells in vivo and in vitro. Bioinformatic analysis was utilised to predict potential miRNA target sites on Cdr1as. Ago2 RNA binding protein immunoprecipitation assay, RNA antisense purification assay, biotin pull down assay and RNA FISH were performed to detect the interaction between Cdr1as and target miRNAs. Western blot was used to determine the expression level of p21 in bladder cancer cells. Results: Cdr1as was significantly down-regulated in bladder cancer tissues compared with adjacent normal tissues. Overexpression of Cdr1as inhibited the proliferation, invasion and migration of bladder cancer cells in vitro and slowed down tumour growth in vivo. Cdr1as sponged multiple miRNAs in bladder cancer. Moreover, Cdr1as directly bound to miR-135a and inhibited its activity in bladder cancer. Conclusion: Cdr1as is downregulated and sponges multiple miRNAs in bladder cancer. It exerts anti-oncogenic functions by sponging microRNA-135a.
CircRNA-Cdr1as Exerts

RNA extraction and qRT-PCR
Total RNAs including miRNAs were extracted from tissues and transfected cells using TRIzol reagent (Invitrogen, USA) in accordance with the manufacturer's protocol. Extracted RNA was prepared using an All-in-One™ miRNA qRT-PCR Detection Kit (GeneCopoeia, FulenGen, China) in accordance with the manufacturer's instructions. cDNA was synthesised using HiScript II (Vazyme, China). Real-time qRT-PCR for circRNA and miRNA was performed on an AB7300 thermo-recycler (Applied Biosystems, USA). The primers used were synthesised by Sangon Biotech (Shanghai, China), and their sequences were as follows: Cdr1as (forward: 5′-AGA CCT TGA GAT TAT TGG AAG ACT TGA-3′; reverse: 5′-TAC CCA GTC TTC CAT CAA CTG GCT -3′), β-actin (forward: 5′-AGC GAG CAT CCC CCA AAG TT-3′; reverse: 5′-GGG CAC GAA GGC TCA TCA TT-3′), miR-7-5p (forward: 5′-UGG AAG ACU AGU GAU UUU GUU GU-3′), miR-135a-5p (forward: 5′-UAU GGC UUU UUA UUC CUA UGU GA-3′), miR-1246 (forward: 5′-AAU GGA UUU UUG GAG CAG G-3′), miR-1290 (forward: 5′-UGG AUU UUU GGA UCA GGG A-3′), universal adaptor reverse primer (5′-GGC CAA CCG CGA GAA GAT GTT TTT TTT T-3′) and U6 (forward: 5′-CTC GCT TCG GCA GCA CA-3′; reverse: 5′-AAC GCT TCA CGA ATT TGC GT-3′). β-actin and U6 RNAs were used as internal standard controls for mRNA and miRNA detection, respectively. Each experiment was replicated three times, and data were analysed using the 2 −ΔΔCT method.
Protein extraction and Western blot
Total protein was extracted using RIPA lysis buffer (Beyotime, China) and quantified using a BCA kit (Beyotime, China). An equivalent amount of protein extracts was loaded onto 10% SDS-PAGE and then transferred onto PVDF membranes. The membranes were blocked in 5% non-fat milk in TBST at room temperature for 2 h and then incubated with primary antibodies overnight at 4 °C. The membranes were then washed and incubated with a secondary antibody. After washing, the blots were developed with a ECL system (Pierce, Rockford, IL, USA). Primary antibodies against p21 and β-actin were obtained from (Cell Signaling Technology, USA).
Cell proliferation assay and cloning formation assay
The Cell Counting Kit-8 (CCK-8) method was utilised to detect cell proliferation. Transfected cells were seeded into 96-well plates at a density of 2000 cells per well in triplicate. Cell viability was measured by the CCK-8 system (Dojindo, Japan) at 0, 24, 48, 72 and 96 h after seeding in accordance with the manufacturer's instructions.
For colony formation assay, transfected cells were seeded into six-well plates at a density of 200 cells per well and maintained in DMEM medium containing 10% FBS for 2 weeks. The colonies were imaged and counted after they were fixed and stained. At 24 h after transfection, 2×10 4 cells were suspended with 200 µL of serum-free medium and then seeded into the upper chambers (8 mm pore size, Costar). Medium containing 10% FBS was added to the bottom chamber as a chemoattractant. The upper chamber was coated with or without BD Matrigel (BD Biosciences, USA) for the invasion or migration assays. The cells were incubated at 37 °C for 48 h for the invasion assay or 24 h for the migration assay. Subsequently, cells at the top chamber were removed with cotton swabs, and those on the lower surface were fixed with methanol, stained with 0.1% crystal violet and then photographed under a microscope at 100× magnification (Olympus, Japan).
Migration and invasion assays
FACS analysis
To detect cell cycle, transfected cells were stained with propidium iodide utilising the Cycletest Plus DNA Reagent Kit (BD Biosciences) in accordance with the manufacturer's instructions. The ratios of cells in the G0/G1 phase to the S phase were compared with controls. 
RNA binding protein immunoprecipitation assay
RNA antisense purification
The specific biotinylated probes that hybridise to Cdr1as were synthesised by (Gongsi, China). The sequences were as follows: Cdr1as sense: 5′-GGT GCC ATC GGA AAC CCT GGA TAT TGC AGA CA-3′-Biotin and Cdr1as antisense: 5′-TGT CTG CAA TAT CCA GGG TTT CCG ATG GCA CC-3′-Biotin. The experiment was performed as previously described [24] . In brief, 10 7 cells were washed with PBS and lysed in 500 µL of lysis buffer. The Cdr1as-specific biotinylated sense and anti-sense probes were added to the circRNA-RNA antisense purification (RAP) system and incubated for 2 h at room temperature. Subsequently, 50 µL of blocked streptavidin magnetic beads (Invitrogen) was added to each reaction tube and incubated for 4 h at 4 °C. The beads were then washed briefly with lysis buffer for five times. TRIzol LS (Life Technology, USA) was used to recover miRNAs specifically interacting with Cdr1as.
Biotin pull down assay
This experiment was performed as previously described [25] . Cells were transfected with 50 µM of biotinylated miRNA mimic or nonsense control (NC) and lysed in 500 µL of lysis buffer. Subsequently, 50 μL of blocked streptavidin magnetic beads (Invitrogen) was added to each reaction tube and incubated for 4 h at 4 °C. The beads were then washed briefly with lysis buffer for five times and resuspended in 500 µL of TRIzol LS (Life Technology, USA) to recover ncRNAs specifically interacting with miRNAs.
RNA FISH
To detect the location of Cdr1as and miR-135a, we used DNA oligo probes (GenePharma, Shanghai, China) labelled with Cy5 for Cdr1as and FAM for miRNAs. The sequences were as follows: Cdr1as: 5′-GGT GCC ATC GGA AAC CCT GGA TAT TGC AGA CA-3′-Cy5 and miR-135a-5p: 5′-TCA CAT AGG AAT AAA AAG CCA TA-3′-Fam. H293T cells were grown to the exponential phase and were 80%-95% confluent at the time of fixation. After prehybridisation (1 PBS/0.5% Triton X-100), the cells were hybridised in hybridisation buffer (40% formamide, 10% dextran sulfate, 1×Denhardt's solution, 4×SSC, 10 mM DDT, 1 mg mL −1 yeast transfer RNA, and 1 mg mL −1 sheared salmon sperm DNA) with Cy5-labelled probes specific to Cdr1as and Famlabelled probes specific to miR135a at 42 °C overnight. Nuclei were counterstained with 4, 6-diamidino-2-phenylindole. The images were acquired using a Leica SP5 confocal microscope (Leica Microsystems, Mannheim, Germany).
Northern blot
The specific biotinylated probes that hybridise to Cdr1as and 18s RNA were synthesised by (Gongsi, China). The sequences were as follows: Cdr1as: 5′-GGT GCC ATC GGA AAC CCT GGA TAT TGC AGA CA-3′-Biotin and 18S RNA: 5′-CGG AAC TAC GAC GGT ATC TG-3′-Biotin. Total RNAs were extracted with TRIzol LS reagent (Life Technology, USA). The experiments were performed using Northern blot kit (Ambion, USA) in accordance with the manufacturer's instructions. In brief, 30 µg of total RNAs was mixed with three volumes of Formaldehyde Load Dye and electrophoresed in a 1% agarose-formaldehyde gel. The RNAs were then transferred onto a Hybond-N+ nylon membrane (Beyotime, China) and hybridised with biotin-labelled DNA probes overnight. The bands were developed with a Biotin Chromogenic Detection Kit (Thermo Scientific, USA) in accordance with the manufacturer's instructions.
Animal studies
The animal studies were approved by the Animal Management Committee of Nanjing Medical University. Female athymic Balb/c nude mice (4 weeks old, n = 10) were used. About 10 7 transfected T24 cells and control cells were injected subcutaneously into the axilla of mice. The width (W) and length (L) of the tumours were measured using calipers every 3 days, and the volume (V) was calculated using the formula V = (W2 × L)/2. At 4 weeks after injection, the mice were sacrificed, and tumour weights were measured. The tumours were fixed in 4% formalin for immunohistochemical analysis.
Statistical analysis
Data were analysed using SPSS version 19.0 and presented as means ± standard deviation. Student's t-test was performed to analyse differences between the two groups, and p < 0.05 was considered to indicate 
Results
Expression of CircRNA-Cdr1as is down-regulated in bladder cancer specimens
To explore the expression levels of Cdr1as, qRT-PCR was performed in 94 pairs of bladder cancer tissues and ANTs. Results suggested that Cdr1as was significantly down-regulated in bladder cancer tissues compared with ANTs (p < 0.05, Fig. 1A ). This result suggests that Cdr1as serves as a tumour suppressor factor in bladder cancer.
Overexpression of Cdr1as inhibits the proliferation, invasion and migration of bladder cancer cells
To investigate the functions of Cdr1as in bladder cancer, the Cdr1as overexpression adenovirus was constructed and transfected into EJ, T24, 253J and RT4 cell lines. Fluorescence micrographs showed 90% transfection efficiency (Fig. 1B) . The up-regulation of Cdr1as in bladder cancer cells was confirmed by qRT-PCR (Fig. 1C) . For further study, EJ and T24 cells were selected as representatives. Northern blot assay indicated that Cdr1as was significantly up-regulated at the RNA level in the cells transfected with the Cdr1as adenovirus (Fig. 1D) . 
We used the CCK-8 method and the colony formation assay to assess the proliferation ability of Cdr1as-transfected cells. As shown in Fig. 2A , the CCK-8 assay suggested that cell viability was significantly inhibited in the Cdr1as group relative to the circ-control group (p < 0.05). The colony formation assay revealed that Cdr1as overexpression significantly reduced the formation of clones (p = 0.001, Fig. 2B ). Furthermore, transwell migration and invasion assays were performed, and the results indicated that Cdr1as can suppress the migration and invasion capabilities of EJ and T24 cells ( Fig. 2C and 2D ).
Cdr1as represses cell cycle entry in bladder cancer cells
Flow cytometry was performed to detect the effect of Cdr1as on the cell cycle. Compared with Gfp, Cdr1as significantly increased the number of cells distributed in the G1 phase and decreased the number of cells in the S phase (p < 0.05, Fig. 3 ). These results suggest that Cdr1as induces cell cycle arrest in bladder cancer cells.
Overexpression of Cdr1as suppresses the growth of tumour xenografts in nude mice
To evaluate the effect of Cdr1as on tumour growth in vivo, we injected the transfected T24 cells subcutaneously into nude mice. Tumour volumes were assessed weekly after implantation. As shown in Fig. 4 , Cdr1as up-regulation significantly suppressed the growth of tumour xenografts in nude mice. In addition, tumour volume was significantly reduced in the Cdr1as group relative to the circ-control group (p = 0.005, Fig. 4C ). Four weeks later, all mice were sacrificed, and the weights of tumours were measured. Average weight was obviously lighter in the Cdr1as-transfected cells than in the circ-control group (p < 0.05, Fig.  4B ). The results above were consistent with those in vitro.
Cdr1as serves as a sponge for multiple miRNAs in bladder cancer
We utilised starBase V2.0 (http://starbase.sysu.edu.cn/), CircInteractome (http:// circinteractome.nia.nih.gov/), CircNet (http://circnet.mbc.nctu.edu.tw) and miRDB (http:// mirdb.org/miRDB/index.html) to find potential miRNA target sites on Cdr1as. As shown in Fig. 5A , different miRNAs were predicted using different programs. For further study, we performed Ago2 RIP assay. The results of qRT-PCR showed that Cdr1as pulled down by Ago2 was 10-fold more than that by IgG in the Cdr1as-transfected cells (p = 0.002, Fig. 5B ). Four miRNAs(miR-1290, miR-1246, miR-7 and miR-135a) pulled down by Ago2 in Cdr1as- transfected cells were about 2-fold more than that in Circ-control transfected cells (Fig. 3C) . Furthermore, three miRNAs (miR-7, miR-135a and miR-1246) showed higher expression when pulled down by Ago2 than IgG in Cdr1as-transfected cells (Fig. 3D) . Other miRNAs showed no significant differences (data not shown). The results suggest that Cdr1as can serve as a platform for the interaction between miRNAs and Ago2. RAP assay was utilised to explore the relationship between Cdr1as and miRNAs. The biotinylated probes (Cdr1as sense) pulled down much more Cdr1as than the anti-sense probes in Cdr1as overexpression cells (p < 0.001, Fig. 5E ), indicating that the probes can 
bind to Cdr1as specifically. Moreover, the miRNAs pulled down by Cdr1as sense probes were about 20-40-fold more than those by Anti-sense probes in Cdr1as-overexpressing cells (Fig.  5F ). These results indicate that Cdr1as can serve as a sponge for multiple miRNAs in bladder cancer.
Cdr1as sponges miR-7/miR-135a and inhibits the activity of miR-135a in bladder cancer
As shown in Fig. 5C and 5F, much more miR-7 and miR-135a were pulled down by Cdr1as. Therefore, we chose miR-7 and miR-135a for further study. In the biotin pull-down assay, more Cdr1as was detected by qRT-PCR in the Bio-miR-7-and Bio-miR-135a-transfected cells than in the Bio-NC-transfected cells (Fig. 6A and 6B) , suggesting that miR-7 and miR-135a can bind to and pull down Cdr1as. For further study, 29 pairs of bladder cancer tissues and ANTs were used to detect the expression of miR-7 and miR-135a. Results suggested that miR-135a was up-regulated in bladder cancer tissues (Fig. 6D) , but similar results were not observed for miR-7 (Fig. 6C) . Furthermore, correlation analysis demonstrated that the expression of Cdr1as showed a moderate negative correlation with miR-135a (r = −0.50, p < 0.01, Fig. 6F ). However, no correlation was found between Cdr1as and miR-7 in bladder cancer (r = −0.1917, p = 0.32, Fig. 6E ).
In addition, we transfected individual miRNA mimics into T24 cells. The most striking pro-proliferative effect was observed in the miR-135a-transfected cells (Fig. 6G) . However, miR-7 showed no biological functions in bladder cancer cells (data not shown). These results suggest that Cdr1as exerts anti-oncogenic functions via sponging miR-135a but not miR-7 in bladder cancer. The results of the co-localisation experiment was consistent with the interaction of Cdr1as and miR-135a (Fig. 6H) . A previous study reported that miR135a promotes the proliferation and cell cycle progression of bladder cancer and inhibits the expression of p21 in bladder cancer [26] . The result was validated in the miR-135a-transfected EJ and T24 cells (Fig. 6I) . Moreover, the expression of p21 was up-regulated in the Cdr1as-transfected cells (Fig. 6J) , indicating the interaction of Cdr1as with miR-135a. To confirm that Cdr1as exerts anti-oncogenic functions via sponging miR-135a, we performed a restoration experiment by transfecting Cdr1as and miR-135a into bladder cancer cells simultaneously. Results showed that Cdr1as rescued the inhibitory effect of miR-135a on p21 (Fig. 6K) . Overall, these results indicate that Cdr1as sponges miR-7/miR-135a and inhibits the activity of miR-135a in bladder cancer.
Discussion
Recently, a large amount of circRNAs have been identified by high-throughput deep RNA sequencing coupled with powerful computational analyses [27] [28] [29] . However, little is known about the production, transportation and functions of circRNAs. Several studies suggest that circRNAs regulate gene expression and participate in numerous cellular processes by sponging miRNAs. For example, Zheng et al. found that circHIPK3 can regulate cell growth by sponging multiple miRNAs [12] . Du et al. reported that Foxo3 circular RNA retards cell cycle progression by forming ternary complexes with p21 and CDK2 [16] .
In the field of tumours, circRNAs have also been reported to be functional. Yang et al. revealed that silencing of cZNF292 circular RNA can suppress human glioma tube formation via the Wnt/beta-catenin signalling pathway [14] . Similarly, cir-ITCH inhibits the proliferation of ESCC by sponging miR-7, miR-17 and miR-214. To date, only two studies [30, 31] have revealed the altered expression of circRNAs in bladder cancer, indicating that circRNAs play important roles in the development and progression of bladder cancer.
A previous study reported that Cdr1as acts as an oncogene in hepatocellular carcinoma [23] . However, we found that Cdr1as was down-regulated in bladder cancer tissues compared with ANTs. This contradictory result aroused our interest to explore further the function of Cdr1as in bladder cancer. Subsequently, functional experiments were performed. The results suggested that the up-regulation of Cdr1as can inhibit the proliferation, migration and invasion of bladder cancer cells. Furthermore, an in vivo animal study indicated that Cdr1as can slow down tumour formation. Our results were in contrast with those of a previous study [23] , in which Cdr1as was up-regulated in hepatocellular carcinoma while down-regulated in bladder cancer. We found that Cdr1as can sponge multiple miRNAs, including miR-7, miR-135a and miR-1290, in bladder cancer. The Ago2 RIP and RAP assays showed that much more miRNAs, especially miR-7 and miR-135a, were pulled down by Cdr1as compared with oligo probes. Biotin pull-down assay revealed that more Cdr1as was detected by qRT-PCR in the BiomiR-7-or Bio-miR-135a-transfected cells than in the Bio-NC-transfected cells, suggesting that miR-7 and miR-135a can bind to and pull down Cdr1as. These results indicate that Cdr1as serves as a molecular sponge for multiple miRNAs in bladder cancer.
A previous study has reported that Cdr1as serves as a molecular sponge of miR-7 and conducts important functions in different biological or pathological progresses, including myocardial infarction [32] , hepatocellular carcinoma [23] , insulin transcription and secretion [22] and brain development [22] . We detected the expression of miR-7 and miR-135a in 29 pairs of bladder cancer tissues and ANTs. We hypothesised that Cdr1as also exerts its functions by sponging miR-7 in bladder cancer. However, the results suggested that miR135a was up-regulated in bladder cancer tissues, and the expression of miR-7 did not show significant difference between bladder cancer tissues and ANTs. In addition, correlation analysis showed a moderate negative correlation between the expression of Cdr1as and miR-135a but not miR-7. Moreover, proliferation assay showed a striking pro-proliferative effect in the miR-135a-transfected cells other than the miR-7-transfected cells (data not shown). Therefore, we conjectured that Cdr1as exerts anti-oncogenic functions via sponging miR-135a in bladder cancer. The following co-localisation experiment further strengthened the evidence of the interaction between Cdr1as and miR-135a.
MiR-135a reportedly enhances cellular proliferation in multiple malignancies, including colorectal cancer [33] , hepatocellular carcinoma [34] , and melanoma [35] . It also purportedly promotes tumour formation in bladder cancer and suppresses p21 expression [26] . We detected the expression level of p21 in miR-135a-or Cdr1as-transfected cells. The results showed that miR-135a can down-regulate the expression of p21, whereas an opposite effect was observed for Cdr1as. Furthermore, a rescue experiment suggested that Cdr1as can partly reverse the inhibitory effect of miR-135a on p21, indicating an interaction between Cdr1as and miR-135a. Cdr1as conducts its functions partly via p21 up-regulation by sponging miR135a. However, the underlying mechanism needs further investigation.
Basing on the present findings, we conclude that Cdr1as sponges multiple miRNAs in bladder cancer and exerts anti-oncogenic functions by sponging microRNA-135a. The CircRNA-miRNA-target gene regulatory network plays important roles in bladder cancer. Targeting this novel pathway may provide a potential idea in the diagnosis and treatment of bladder cancer.
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